A full quantum mechanical wavepacket method and a semiclassical (SC) method are applied to investigate the ionization process µ − + H(1s) → µ − + p + e. The cross sections for the ionization are obtained at centre-of-mass translational energies 15-200 eV. Applicability of the SC method assuming a common trajectory for a classical degree of freedom (the distance between µ − and H) is discussed. The bending effect of the relative trajectory on the ionization process is further investigated.
Introduction
Collisions of hydrogen atoms with massive negative particles such as muons (µ − ), pions (π − ), kaons (K − ) and antiprotons (p) are very interesting in various fields related to exotic atoms, muon-catalysed fusion, antimatter physics and so on. These collision systems have the peculiarity that the electron emission channel is always significant at every collision energy. This peculiarity can never be seen in the case of electron or proton impact. Owing to the significance of the electron emission channel, an accurate numerical calculation of the collisions with massive negative particles becomes troublesome, and a physical understanding of these collision dynamics has not yet been obtained sufficiently.
When the centre-of-mass (CM) translational energy E t is above the ionization threshold I (=13.6 eV), the electron emission channel of (breakup) ionization becomes open. So far, by using an impact-parameter semiclassical (SC) theory, several reliable calculations were made for the ionization process in µ − + H andp + H (e.g., Hall et al (1996) , Schiwietz et al (1996) , Wells et al (1996) , Igarashi et al (2000) , Sakimoto (2000a Sakimoto ( , 2000b , Tong et al (2001) ). Most of these calculations aimed to investigate the ionization at high energies (E t 1 keV). In these SC methods, the relative motion of the collision pair was described in classical mechanics. Owing to the high-energy collision, a linear trajectory could be naturally assumed for the relative motion. In the collisions of hydrogen atoms with massive negative particles, however the ionization occurs significantly at low energies (even just above the ionization threshold). The SC method using the linear trajectory is evidently invalid in the low-energy collisions. Reasonable consideration of a trajectory bend or rather a full quantum mechanical (QM) calculation is highly desirable for the study of the ionization at low energies.
In the SC method of the present author for thep + H collisions (Sakimoto 2000a (Sakimoto , 2000b (Sakimoto , 2001 , only the radial part of the relative motion is described in classical mechanics. Since the conservation of the total angular momentum is accurately taken into account, this SC method is more suitable to treat the trajectory bend than the other SC ones. Very recently, the present author further carried out a QM calculation for thep + H collisions at energies E t 10 eV (Sakimoto 2002) . In this energy region, the ionization channel is closed, and the electron emission leads to protonium formation. A wavepacket propagation method has been applied to directly solve the time-dependent Schrödinger equation. In the QM study, the validity of the SC method for protonium formation (Sakimoto 2001 ) has been examined extensively. A highly controversial point in the SC method is the assumption of a common trajectory for the relative radial motion. The QM study has shown that the common trajectory treatment is useful to understand the reaction dynamics of the protonium formation although some improvements are necessary in this treatment to obtain a sufficiently accurate cross section for protonium formation.
A previous QM study forp + H (Sakimoto 2002) has been limited to low energies because the QM calculation becomes extremely time consuming for heavy particle collisions at high energies. In the present study, we take up µ − impacts instead ofp impacts, and carry out the QM and SC calculations for the ionization process
Since the muon mass is about 1/9 smaller than the antiproton mass, the QM calculation for µ − + H can be extended to comparatively high energies E t > I. Garcia et al (1987) first tried to carry out a non-perturbative QM calculation for µ − + H collisions. However, since a Hartree-Fock picture was assumed in their study, the treatment of the collision dynamics was far from satisfactory. Notable SC calculations for µ − + H are those made by Kwong et al (1989) for muon capture (→ µ − p + e) at energies E t < 20 eV and by Schiwietz et al (1996) for the stopping power mainly related to the keV energy region. However, no reliable SC calculation has been performed for the low-energy ionization (1). Using a classical trajectory Monte Carlo (CTMC) method, Cohen (1983 Cohen ( , 1998 Cohen ( , 1999 investigated the muon capture and ionization processes. (For other earlier studies, see the references in Cohen (1983) .) In the CTMC method, there is no ambiguity such as the common trajectory assumption. However, it would be highly questionable whether the electron motion can be treated in a classical manner. For the ionization inp + H, in fact the CTMC method significantly overestimates the cross section at low energies (Sakimoto 2001) . In this paper, we examine the range of validity of the SC and CTMC methods for the ionization process (1) by comparison with the QM result.
Theory
We describe the present collision system in Jacobi coordinates corresponding to the µ − + ep arrangement channel. The vectors R and r denote the positions of the muon from the CM of the hydrogen atom and of the electron from the proton, respectively. The related reduced masses are expressed as m R and m r , respectively. We further employ a body-fixed (BF) frame in which the z-axis is chosen along R, and the rotation from a space-fixed (SF) frame to the BF frame is represented by the Euler angles (α, β, γ ) . We use atomic units unless otherwise stated. The details of the QM and SC theories and the numerical methods have been given in Sakimoto (2000a Sakimoto ( , 2000b Sakimoto ( , 2002 . Here, only brief outlines of the theories are given.
It should be noted that the present calculation cannot distinguish between the two electron emission channels of the ionization and the muon capture. According to the CTMC calculations of Cohen (1983 Cohen ( , 1998 Cohen ( , 1999 , however, the muon capture process was negligible at E t 20 eV. If this result is correct, the present ionization cross sections (or probabilities) are expected to be those for the process (1) at E t > 20 eV, but may contain the contribution from the muon capture at E t 20 eV.
Quantum mechanical theory
The total Hamiltonian of the three-body system in the BF frame is
whereL andl are the total and electronic angular momentum operators, respectively, V is the sum of all the Coulomb potentials, and θ is the polar angle of r.
The time-dependent Schrödinger equation is given by
The total wavefunction LM can be written in the form
where L and M are the total angular momentum quantum number and its magnetic component in the SF frame, respectively, λ =L z =l z is the magnetic quantum number in the BF frame, andD
with D L Mλ (α, β, γ ) being the Wigner rotation matrix element (Rose 1957) . The time propagation of the wavepacket ψ Lλ (R, r, θ, t) is performed by using a discrete-variablerepresentation (DVR) technique (Light et al 1985, Baye and Heenen 1986) as mentioned in Sakimoto (2002) . In the (R, r, θ) coordinate space, a grid is constructed from zero points of orthogonal polynomials. The Chebyshev and generalized Laguerre polynomials are used for the radial coordinates R and r, respectively. For the angular coordinate θ , the Legendre (or ultraspherical) polynomials are used in the case of even λ (or odd λ).
The initial condition of ψ Lλ (R, r, θ, t) at t = 0 in equation (4) may be given by
As in a previous study (Sakimoto 2002) , we employ the adiabatic wavefunction χ λ (r, θ; R) defined for fixed R as
where ( , λ) classifies the adiabatic state, and E λ (R) is the adiabatic energy. In equation (6), ( , λ) = ( 0 , 0) denotes the lowest adiabatic state correlating to the 1s state of the hydrogen atom. We further assume a Gaussian wavepacket for ζ(R):
where δ is a width parameter, R 0 is the centre of the wavepacket, and k 0 is the centre in the momentum space.
To calculate the transition probability, we introduce some distance R f at which the nonadiabatic coupling is negligible, and then we define the energy-dependent amplitude by carrying out the following time integral at R = R f :
For a given CM translational energy E t , the total energy E becomes
where I = −E 0 0 (R = ∞) is the ionization energy of the hydrogen atom. The probability for the ionization can be calculated from
Here, the summation is taken over all the adiabatic bound channels, and C(E) is the amplitude of the initial wavepacket (6) with total energy E (Sakimoto 2002) . It is evident from the definition (11) that the ionization probability P L includes the contribution from the muon capture process. Hence, care should be taken when we use equation (11) at energies E t 20 eV. Finally, the ionization cross section is defined by
where k = √ 2m R E t is the initial momentum.
Semiclassical theory
In the SC theory, the variable R is treated in classical mechanics, i.e. R = R(t). In this case, the time-dependent Schrödinger equation becomes
The SC total wavefunction LM SC (R, r, t) can be written in a way similar to the QM one (4), i.e.
The SC time-dependent equations for the wavefunction ψ Lλ SC (r, θ, t) are directly solved by using the DVR method (Sakimoto 2000b) . The same orthogonal polynomials as in the QM calculation are used to construct a grid of points in the (r, θ ) coordinate space. Although merely one degree of freedom (R) is diminished in the SC equation (13), the SC calculation becomes much easier than the QM one.
The initial condition in the SC method is simply given by
where
is the initial distance. The SC time-dependent equations are solved upto a sufficiently long time t = t f . Then, the ionization probability can be calculated from
where the summation is taken over all the adiabatic bound channels. The SC ionization cross section is defined in the same way as (12).
In the SC theory, we must provide the time dependence of the classical variable R(t) sincẽ H SC depends parametrically on R. There is no definite way to have the classical trajectory R(t) uniquely. In the present study, we adopt a common trajectory determined from
where V eff is some effective potential related to the R motion. The average potential primarily introduced in the SC method (Sakimoto 2000a (Sakimoto , 2000b (Sakimoto , 2001 ) is
This choice comes from the assumption that the expectation of the total HamiltonianH is equal to the total energy E = E t − I . Kwong et al (1989) also adopted a common trajectory similar to this. When the adiabatic potential is used, we may have
Since the important contribution in the ionization comes from the total angular momenta L much larger than the electronic angular momentum, the quantity L(L + 1)/2m R R 2 can be regarded as the centrifugal potential for the relative motion. For the linear trajectory (i.e. no potential), V eff becomes simply
Results and discussion

Quantum mechanical calculations
The QM calculation has been carried out in the same way as described in Sakimoto (2002) . The numbers of grid points for the R, r, and θ coordinates are N R = 80 (N R = 200 for L = 0), N r = 30, and N θ = 3, respectively, and the maximum value of λ is λ max = 1. By setting a larger size, i.e. N R = 200, N r = 40, or N θ = 4, we have found that the ionization probabilities change mostly by less than 1%. The adequacy of λ max = 1 has been confirmed in the SC calculation. If we carry out the calculation forp + H at energies E t > I, a much larger value will be needed for N R , but the same values will be adequate for N r , N θ and λ max .
We have chosen δ = 0.2 and R 0 = R f = 4 au. Although the distance of 4 au was suitable in the calculation for E t < I (Sakimoto 2002) , it is too small to obtain an accurate ionization probability. However, as seen later in the present SC calculation, the results obtained for this small distance would not deviate so much from the ones for a sufficiently long distance. Since a larger value of R 0 requires much more computation time, we have chosen R 0 = 4 au in the QM calculation.
To monitor the time propagation of the wavepacket, we define the probability distribution by (R, r, t) at E 0 t = 30 eV for t = 4.5, 24.5, 34.5, 44.5 and 64.5 au.
In figure 1, we present several snapshots of ρ L (R, r, t) for the wavepacket having central translational energy E 0 t = k 2 0 /2m R = 30 eV and total angular momentum L = 15. The uppermost panel (t = 4.5 au) in the figure represents the incoming phase of the initial wavepacket, which is localized around small r and moves through the entrance channel into small R. On the next three panels (t = 24.5, 34.5, and 44.5 au), we see that the wavepacket is reflected back along R. At the same time, the wavepacket is stretched into large r. The stretch action represents the electron emission. We can see that the electron emission is much faster than the motion along R. This means that once the electrons are emitted, most of the electrons soon go far from the massive ions still staying close to each other. (The muon mass is much heavier than the electron mass.) The lowermost panel (t = 64.5 au) shows that most portions of the wavepacket move outwards to large values of both R and r. This indicates that the ionization is the dominant process in this collision.
To see more clearly the correlation between the relative radial motion and the electron emission, we further calculate the electron distribution and the muon distribution, respectively, defined by Figure 2 shows the time evolution of the two quantities side by side at E 0 t = 30 eV for L = 15, 30, and 40. The action of the electron emission begins at the time that the muon is just reflected, and continues while the muon moves in the neighbourhood of the reflection position. Furthermore, the intensity of the electron emission becomes stronger as the reflection position becomes small. It is evident that the reflection position plays a decisive role in the electron emission process. This feature of the electron emission is just the same as found in thep + H collisions at energies E t < I (Sakimoto 2002) . The reflection position of the wavepacket corresponds to a turning point of the relative radial motion in a classical sense. Also in the SC calculations ofp + H (Sakimoto 2000a (Sakimoto , 2001 , we have the importance of the classical turning point and a similarity in the electron emission feature between the ionization and the protonium formation. Thus, we can conclude that the electron emission mechanism is just the same irrespective of the energies E t ≶ I generally in the collisions of hydrogen atoms with massive negative particles.
In the wavepacket calculation, the ionization probability P L for each translational energy E t is extracted from (9) and (11). In the present calculation, the central translational energy has been chosen to be E 0 t = 30 eV, and the energy range of 15 E t 50 eV can be covered. In figure 3 , for example, the opacities defined by (2L + 1)P L at E t = 20, 30, and 40 eV are shown as a function of the total angular momentum L. If we carry out thep + H calculation at these energies, many more partial waves must be taken into account owing to the heavier antiproton mass. In figure 4 , the ionization cross sections obtained in the QM calculation are presented for energies E t = 20-50 eV. The ionization cross section continues to have a very large value down to low energies.
Semiclassical calculations
The numerical method of the SC calculation was described in Sakimoto (2000a Sakimoto ( , 2000b . The number of gird points and λ max are the same as chosen in the present QM calculation, i.e. N r = 30, N θ = 3 and λ max = 1. The accuracy has been checked by setting a larger size of N r = 40, N θ = 5, or λ max = 2, and the change in the ionization probabilities is less than 1% at low energies. The value of N θ = 3 is smaller than that (N θ = 6) in previous SC calculations of thep + H ionization (Sakimoto 2000a (Sakimoto , 2000b . However, these previous calculations covered energies above 1 keV. In the present paper, the energy is considered to be up to 200 eV. For the highest reported energy E t = 200 eV, the convergence error is estimated to be less than 3%. If the calculation is performed for much higher energies, a value of N r > 3 is needed.
To make a comparison with the present QM results, first we have carried out the SC calculation by taking R SC 0 = 4 au, which corresponds to the central position of the initial wavepacket R 0 = 4 au. The average potential (19) has been adopted in (18). The opacity obtained in this SC calculation is also shown in figure 3 . We can obtain a good agreement between the SC and QM opacities for all the partial waves. larger probabilities for high L.) In figure 4 , the SC ionization cross sections are compared with the QM ones. The SC cross sections are about 4% larger than the QM values. From these results, we can conclude that the SC method and moreover even the common trajectory treatment are both satisfactory to investigate the low-energy ionization process (1). In thep+H collisions at E t < I, however, the SC cross sections for the protonium formation are 15% larger than the QM values (Sakimoto 2002) . This error of the SC calculation is mainly due to the defect of the common trajectory treatment. For E t < I, although the electron emission probability is less than unity, the common trajectory treatment cannot give a result other than the antiproton capture when L is low (Sakimoto 2001 ). In the case of E t > I, since the common trajectory does not show any aspect of the muon capture, the SC result is free from this problem.
In the SC calculation, it is not difficult to enlarge the initial distance R SC 0 . We have found that the distance R SC 0 = 12 au is sufficient to obtain accurate ionization probabilities in the SC calculation at the present energies. In figure 4 , we also show the SC cross sections obtained for R SC 0 = 12 au. By taking R SC 0 larger, we find that the SC cross section becomes smaller. Since the number of adiabatic bound states given in (7) becomes small as R decreases, the calculation with a small initial distance R SC 0 would overestimate the ionization probability. The difference in the SC results for R SC 0 = 4 au from the accurate SC results is about 3% at E t = 20 eV, and increases to about 10% at E t = 50 eV. As indicated inp + H calculations (Hall et al 1996 , Sakimoto 2000b , the transition to excited bound states becomes important at high energies. A more accurate description of the excited bound states would be necessary at higher energies.
Classical trajectories of relative motion
The present author (Sakimoto 2001 (Sakimoto , 2002 has shown for the low-energy (E t < I)p + H collisions that the classical trajectory R(t) can be effectively determined from the adiabatic potential at least until the trajectory reaches the first turning point. Here, we examine the usefulness of the adiabatic potential for the energies of E t > I. The SC results shown after have been obtained by taking R SC 0 = 12 au. It should be helpful to directly compare the adiabatic potential (20) with the average potential (19) obtained from the dynamical calculation. In figure 5 , we make such a comparison for L = 10, 20 and 30 at E t = 20 eV. Here, we show the potential energies given by V eff − L(L + 1)/2m R R 2 . The full circle indicates the turning point of the relative radial motion determined from the average potential (19) for each L. In the incoming phase of the relative radial motion (before the turning point), the adiabatic potential is a good approximation to the average potential for all the partial waves. In the outgoing phase, however, we see that the average potential deviates from the adiabatic potential. The deviation becomes larger for lower L because the ionization probability increases for lower L. We may therefore conclude that even at the high energy where the ionization channel is open, the adiabatic potential is still very useful to know the relative motion in the incoming phase.
In figure 6 , we show the opacities calculated by the SC method for E t = 20, 50, and 100 eV. The calculations have been performed for the three types of the effective potentials (19), (20), and (21). The SC method using the adiabatic potential agrees fairly well with the primary SC method (using the average potential). When no effective potential as in (21) (i.e. the linear trajectory) is assumed, the opacities become mostly too small especially at low energies. This is naturally understood because the average (or adiabatic) potential shows an attractive force. More details about the bending effect of the relative trajectory were discussed by the present author (Sakimoto 2000a ) for the ionization inp + H. The bend in the relative trajectory due to the attractive force becomes less significant at higher energies. As a matter of course, the linear trajectory assumption becomes good at very high energies as can be seen in the figure. When the energy is low (E t I ), the inelastic transition to excited bound states would be negligible unless the collision pair come very close to each other. Furthermore, the electron emission occurs only around the turning point (Sakimoto 2001 (Sakimoto , 2002 . These facts enable us to use the adiabatic potential for the calculation of the relative trajectory at the low energies. When the energy becomes much higher (E t I ), the inelastic transition should be important, and accordingly the use of the adiabatic potential may be meaningless. However, the relative trajectory does not depend on the details of the effective potential at such high energies, and becomes just linear. An important point is that the adiabatic potential is always useful for the energies where the bending effect is remarkable. Thus, we can conclude that the use of the adiabatic potential is satisfactory to calculate the ionization probabilities for all the energies.
In figure 7 , we show the ionization cross section calculated by the SC method using the effective potentials (19)-(21). The results for the adiabatic potential are found to be very good. The linear trajectory treatment not only underestimates the cross section at low energies, but also gives quite different energy dependence of the cross section. Therefore, it is just the bending effect of the relative trajectory that the ionization cross section is considerably enhanced at low energies, and even increases with energy approaching the threshold.
Further discussion
In a study of thep + H collisions at E t < I (Sakimoto 2002) , it has been shown that when the electron emission probabilities for various CM translational energies (3-10 eV) are plotted against the turning point of the relative motion, they form a universal curve to a good approximation. This is an interesting and very useful result. From the universal curve, we can easily calculate the protonium formation cross section at any energies. In figure 8 , the present SC ionization probabilities are shown as a function of the turning point for E t = 20-200 eV. In the energy range of E t = 20-200 eV, we cannot extract a universal curve from figure 8. We find that as the energy increases, distant collisions become more important. Nevertheless, when we consider a narrower energy range, we can still have very small energy dependence. To understand this loose energy dependence, we expand the SC wavefunction in terms of the adiabatic basis, i.e.
Notice that the adiabatic ionization energy becomes very small at R 1 au. This suggests that the energy difference for the related adiabatic states is negligible in the transition region. Furthermore, the present author showed that the transition to different λ made a contribution of about 10% in the ionization probability for the main partial waves (Sakimoto 2000a) . We may neglect the rotational coupling. Therefore, the time-dependent equations for the probability amplitudes a λ (t) can be approximated by
Introducing the amplitude vector a(t) = {a λ (t)} and the coupling matrix M = { χ λ |d/dR|χ λ δ λλ }, we can finally obtain
where R tp is the turning point of the relative motion. This equation shows that the probability amplitude explicitly contains merely a single dynamical quantity of the turning point, and depends on the reduced mass m R and the energy only through the turning point.
In figure 8 , we also show the SC ionization probabilities forp + H at the CM translational energy of 20 eV (Sakimoto 2000a ). An important point in this comparison is that thep probabilities are much smaller than the µ − ones for R tp > 1. When the turning point is greater than the so-called Fermi-Teller radius (R FT = 0.639 au), the ionization is regarded as a non-adiabatic transition. The figure shows that the non-adiabatic effect is more prominent for the µ − impacts. This is a natural result because the reduced mass m R of µ − + H is about five times smaller than that ofp + H. If equation (26) were correct, a plot in figure 8 should be independent of the reduced mass m R . However, the importance of the non-adiabatic effect means that the distant collisions are not negligible. For the distant collisions (R tp > 1), the assumption for deriving equation (26) becomes invalid because the adiabatic ionization energy does not become negligibly small and furthermore the rotational coupling becomes more important (Sakimoto 2000a) . Thus, the mass dependence comes from the distant collisions as seen in figure 8. When the reduced mass is larger or the energy is lower, the adiabatic picture is satisfactory until the collision pair come too close. For this reason, the interaction range for thep ionization becomes shorter than that for the µ − ionization. Therefore, the assumption for deriving equation (26) is more satisfactory for thep + H collisions at E t < I.
In figure 9 , we summarize the present (QM and SC) and other ionization cross sections at energies E t = 15-200 eV. The QM results are obtained for R 0 = 4 au. (The SC results are for R SC 0 = 12 au.) If the QM calculation is performed for larger R 0 , the cross sections at the high energies will become small for the reason mentioned before. The CTMC method (Cohen 1983) gives too large cross sections as in the case ofp + H (Sakimoto 2001) . A purely classical treatment for the electron motion is not good enough to accurately calculate the ionization cross section at these energies. Sometimes, an adiabatic ionization model (Wightman 1950) has been used to estimate the electron emission cross section. In this model, the relative motion is calculated using the adiabatic potential. From the present study, this assumption is fairly reasonable. However, the model further assumes that the ionization occurs only if the turning point is less than R FT . Figure 9 shows that the cross sections of the adiabatic ionization model are extremely small. From figure 8, it is evident that the non-adiabatic effect is very important. Cohen et al (1981) introduced a diabatic state to take account of the non-adiabatic bound-free coupling. They produced a local complex potential (LCP) to describe the relative motion accompanied by the ionization. However, their cross sections are much larger than the CTMC results (Cohen 1983 ) (hence, their results are not shown in figure 9 ). An LCP approach has been widely applied to study the dynamical processes of atomic or molecular negative ions (Gauyacq 1987) . In contrast to the present case, an accurate numerical calculation is quite difficult for the conventional problems of such negative ions. (Even for one of the simplest cases, i.e. H − + H, we must solve a five-body problem.) A further LCP study for the present system will be valuable to judge the validity of the LCP approach.
For comparison, the SC ionization cross sections forp + H (Sakimoto 2000a) are shown in figure 9. Thep cross section is smaller than the µ − one. As mentioned just above, this is because the non-adiabatic effect (i.e. the distant collision) is more important for lighter incident particles. However, the energy dependence of the cross section for µ − impacts is very similar (Cohen 1983) , the ionization cross sections obtained by the adiabatic ionization model (Wightman 1950) and the SC results forp + H →p + p + e (Sakimoto 2000a ) are also shown for comparison.
to that forp impacts. The cross sections have a very weak energy dependence at E t > 50 eV, and increase near the ionization threshold. This ionization feature will be common to the collisions of hydrogen atoms with massive negative particles. In high energy collisions, the transition process is usually characterized in terms of the translational velocity rather than the translational energy. For the µ − + H collision at some energy E t , a CM translational energy equivalent to thep + H collision may be ∼5E t . However, this conversion would not be so accurate in the present energy region since the linear trajectory assumption is invalid. When the CM energy ofp + H is above 1 keV, the cross sections forp + H will be available to know the results for µ − + H at E t > 200 eV. In the collisions with massive negative particles, both the capture and ionization processes can be understood as the electron emission that is induced locally around the classical turning point of the relative radial motion. The exit arrangement channel is determined by a kinematical factor of an energy loss carried away by the electron. Owing to energy conservation, the electron emission leads to capture if > E t or to ionization if < E t . Unfortunately, we cannot draw any information about the branching ratio of the capture and ionization channels from the present calculation since the energy distribution of the emitted electron has not been calculated. For the electron energy distribution, here we refer to the result obtained in the CTMC calculation of Cohen (1983) . The CTMC calculation showed that more energetic electrons were emitted at lower E t , and the energy distribution always had a sharp peak at 15 eV for E t < 500 eV. For this reason, the capture cross section obtained by the CTMC method decreases rapidly at energies exceeding the ionization threshold. The capture channel becomes unimportant at E t > 20 eV if the CTMC method is at least qualitatively reliable to predict the electron energy distribution.
However, it is rather interesting to know the branching ratio in the collisions at energies just above the ionization threshold. The escape motion of electrons is mostly rapid, and the electron flies away before the massive ions separate from each other. This means that the free electron motion would not be affected by the dynamical process of the massive ions subsequent to the electron emission. On the other hand, the SC method is actually very useful to understand the electron emission mechanism. Therefore, it is expected that the SC method using the common trajectory can still further explain the branching ratio properly at energies just above the ionization threshold. Also, to make an assessment of the SC method, a QM study is greatly desired in this energy region. The present QM calculation can be extended to make a full analysis of the wavepacket for the description of both the capture and ionization channels (Sakimoto 2002) . However, as mentioned in Sakimoto (2002) , some device will be needed in the numerical calculation since the grid points of r with N r = 30 are not numerous enough for an accurate description of the free electron motion at large r.
Summary
We have calculated the cross sections for the ionization µ − + H → µ − + p + e in the energy range E t = 15-200 eV. The ionization cross sections have very large values at these energies (even just above the ionization threshold). In doing the calculation, the SC method using the adiabatic potential is very useful. The applicability of the SC method for the ionization process has been confirmed by comparison with the QM calculation at low energies E t = 15-50 eV where the bending effect of the relative trajectory is very large. The CTMC calculation overestimates the ionization cross sections. The adiabatic ionization model gives too small cross sections, and this means that the non-adiabatic effect is very important even for lowenergy ionization. The non-adiabatic effect is more important for µ − impacts than for heavier p impacts. As a result, the µ − ionization cross sections are larger than thep ones.
